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Contribution from the Department of Chemistry, York University, Downsview, Ontario,
Canada, M3J 1P3

PROTONATION EQUILIBRIA IN EXCITED STATE TRIS(BIPYRAZINE) RUTHENIUM(II)

* *
by: R.J. Crutchley , N. Kress and A.B.P. lLever

ABSTRACT:~-

N

\
— The Tris(bipyrazine)ruthenium(II) cation has six peripheral uncoordinated

nitrogen atoms potentially available for protonation in acidic media. Studies of
the absorption and emission spectroscopy of the ruthenium cation in media ranging
from neutral water to concentrated sulfuric acid, show that it is, indeed, possible
to sequentially protonate thése six nitrogen atoms. As the ac}d#ty is increased,

a series of 1sosbfst1c points are seen in the absorption spectra, and these ghift
as the equilibria change upon increasing acidity. The parallel studies of emission
show six different protonated species with distinct emission maxima and lifetimes
ranging from 27 to 520ns. The first three protonation steps, to three different
bipyrazine rings on the cation have MLCT excited statea which are stronger bases
than the ground state, while for the second set of three protonation species, the
MLCT cxcited'states are weaker bases than thg ground state. pKa and pKal values

for many of the species are reported. Protonation equilibria with the free base

bipyrazine are also included ~ Accession For
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Contribution from the Department of Chemistry, York University, Downsview, Ontario,
Canada, M3J 1P3 ‘

PROTONATION EQUILIBRIA IN EXCITED STATE TRIS(BIPYRAZINE) RUTHENIUM(II)

* *
By: R.J. Crutchley , N. Kress and A.B.P. lever

Introduction:

During the past 15 years there has been great activity studying the ground
and excited state chemistry of the Ru(Bipy)§+ cation (I) (Bipy = 2,2'-bipyridine).
Of particular relevance have been studies of the excited state photochemistry and
photophysics of this species with a view to developing solar energy conversion

b catalysts. The area i1s the subject of a recent reviewl. The considerable effort

expended on this species has also contributed greatly to our understanding of the ‘

chemistry of inorganic molecules in their excited states.
| The analogous Ru(BPZ)§+ cation (II) (BPZ = bipyrazine) has also been -

1
shown2 to be an excellent photocatalyst, complementary in many ways to species (I).

In a detailed study of bipyrazine metal complexeez, the redox couples were shown,

generally, to be shifted ca 0.5V positive relative to corresponding couples in corres-

des . e doea o o e
0

ponding bipyridine complexes. This positive shift was seen to be due to much reduced
sigma bonding strength in the bipyrazine, relative to the bipyridine derivatives.

Thus the bipyrazine complexes have the potential to be better oxidising

photocatalysts then their bipyridine analogs. There is considerable interest in gen-

erating photocatalysts capable of photo-oxidising water or halogen ions, hence our

s 4
>

4 continuing interest in these bipyrazine species. The existence of uncoordinated nitrogen
atoms on the periphery of species (II) not only provides a possible mechanism for
' : coupling a substrate molecule to the excited photocatalyst, but also, via protonation

can be expected to yield species with even more positive oxidising potentials.

: In this paper, we report spectrophotometric absorption and emission studies

continued....
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Introduction Continued:-

performed both on free bipyrazine and on the ruthenium complex (II) in media from
neutral water to 96% sulfuric acid. Analysis of the data leads to the conclusion that
bipyrazine undergoes three protonation steps as the acidity is increased while cation
(II) undergoes six protonation steps. Both these systems are quite stable and revers-
ible. Ground state absorption data lead to derivation of certain of the proton equili-
bria leading to ground state pKa values. Many of the protonated species are luminescent
and their emission spectra and lifetimes are reported. These data allow determination
of some of the excited state pKa* values. We demonstrate that for the first three
steps, the excited protonation species is a stronger base than the ground state, while
the reverse is true for the remaining protonation steps. These results are interpreted
in terms of the nature of the excited states involved.

These protonation equilibria are an excellent and unique probe into the
excited state chemistry of these species. Clearly the bipyrazine complex (II) offers i
a clear advantage in this respect to the bipyridine species (I) which decomposes under
similar conditions. However, we note that Demas has reported some interesting proton-

ation equilibria with the species Ru(bipy)z(CN)2.3 to which we return below.
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Experimental
‘ Ru(BPz)3012 and BPZ were prepared by literature methodsz. Stock 96%

H,S0,, (BDH analar grade), was standardized, (18.00 ¥ 0.05 Molar), by dilution to 0.09 N (

and titration against 0.1 N NaOH, (concentrated BDH volumetric solution), with

phenolphthalein as indicator. Doubly distilled water, the last diaf.illition over KMnOa,
was used to make up all solutions. Weakly acidic solutions, (pH 5 to 0.5), were made
up with 0.1 N HCl, (concentrated BDH volumetric solution), instead of 0.1 N 32504. since f
possible quenching by HSOA- was not desired. No quenching was observed in solutiong
containing 0.1 M KC1 or Nazsol‘. 15% Fuming HZSO“, used to prepare 97 to 100% stoa,

was purchased from Fisher Chemicals.

Spectrophotometric Technique

Although Ru(BPZ)§+ and BPZ stock solutions in 96X H2804 appeared stable
for months at a time in dark storage, fresh stock solutions were prepared for this
study. All spectra were recorded on a Perkin-Elmer Hitachi Model 340 microprocessor
spectrometer. The graphical methodl' for determining the number of species in solution

| requires large absorbance changes to reduce error to a minimum., Where possible, an

—_ {

isosbestic point for a given protonation step was chosen as an origin and the spectra

run with the absorbance scale expanded. Hammett acidities, Ho, were used to calculate J

pKa's in concentrated HZSOI‘ solutionas'6’7. !

Emission and Lifetime Measurements i

Emission spectra were recorded on a Varian SF-330 spectrofluorometer. It V
is not known whether the reaction rate constant between Ru(BPZ)§+ and H' 1 influenced )
by the presence of oxygen in solutions. This required weakly acidic solutions, (pH
i s 5 to 0.5), to be argon gassed before measurements were taken. Lifetime measurements of , _
protonated Ru(B?Z)§+ complexes in concentrated HZSO‘. solutions were independent of ] '
atmospheric oxygen in solution and so these solutions were not argon gassed. Emission

spectra in Figures 9 to 11 are uncorrected for variation in phototube sensitivity with

L .

{
f wavelength. Excitation wavelengths corresponded to isosbestic points or to wavelengths '
! (

!
) which required little correction for absorbance changes. Lifetimes msasurements were ‘
|
. ]
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obtained using a 0.5 megawatt pulsed nitrogen laser (built in the York University
workshops) possessing 5ns pulses at 337nm. The emission from the various solutions

was passed though a monochromator, equipped with a filter to remove stray laser

radiation. The oﬁégcgh;rom the mbnochronator.was detected by a R928 Hammamatsu

photomultiplier and either displayed on a 100MHz Hewlett Packard oscilloscope or

processed through a Princeton Applied Research (PAR) Model 162 Boxcar Averager with
Model 165 Gated Integrator, prior to display on a PAR series 8002 X-Y Recorder.
Results i) Bipyrazine (BP2)

BPZ is freely soluble in sulfuric acid and can be recovered unchanged

quantitatively therefrom. The spectroscopic data reported here are reversible and

reproducible irrespective of whether they are obtained by adding concentrated sulfuric

acid to a water solution of BPZ, or by addition of water to a concentrated sulfuric

i acid solution of BPZ.

The UV-absorption spectra in Figure 1 and 2 show the progressive protonation

| | of BPZ in 0 to 96% sulfuric acid. In Figure 1, two sets of isosbestic points suggest

two separate protonations of BPZ. From 0 to 7% sulfuric acid, the first set of isosbestic
points at 297, 256 and 217 nm appear. The T + ﬂ* band at 289 nm begins to drop in

intensity and develops a low energy shoulder. The 7 -+ n* band at 228 nm actually ‘

increases in intensity and is slightly shifted to 230 nm. Increasing the acid concent-

ration further, from 13 to 38.5% sulfuric acid, results in a second set of isosbestic

points at 313, 275, 222 and 202 nm. A single 7 + n* band &t 29/ nm is now observed.
*

The 7 + 7 band at 230 nm has now decreased slightly in intensity and a new band at

214 nm is beginning to appear. From 39 to 80% sulfuric acid, only small absorbance

changes are observed in BPZ UV-spectrum. However, from 80 to 96% sulfuric acid, (see

4 e
.
T

Figure 2), additional protonation results in a third set of isosbestic points at 315,

' *
) 274 and 240 nm. The 7 + m bands centered at 294, 230 and 214 nm drop in intensity

! while a new band begins to appear at approximately 324 nm. Protonation is, however,
| !

incomplete in 96% sulfuric acid. These data are summarised in Table 1.
11) Ru(IPZ)? (11)

t The ruthenium complex can be recovered quantitatively and unchanged from 1

e 8 b —— - - s - . - -
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concentrated sulfuric acid, and, as noted for BPZ itself, the data are independent
of whether they are collected by increasing or decreasing the acidity. Solutions of
species (II) in concentrated sulfuric acid appear indefinitely stable in the dark.

In Figure 3, the overall effects upon the UV and visible spectrum of (II)
are shown as the medium changes from 5 - 96X sulfuric acid. As the acidity increases,
the low energy m -+ n. at 294 nm decreases in intensity and red-ghifts reaching a
ninimum at 310 nm in 53.2% sulfuric acid. A further increase in acidity increases the
intensity of this band until it reaches a new maximum at 318 nm in 96X sulfuric acid.

When the data are collected in a stepwise fashion, isosbestic points not
obvious in Figure 3 can be observed. Thus in Figures 4- 6 are shown the stepwise
change in absorption spectra as the acidity is increased by raising the sulfuric acid
concentration. Under these circumstances, series of isosbestie points are formed in
specific acidity regions, then decay, to be replaced by new sets of isosbestic points.
We persue, in particular, the changes in the 300 -~ 700 nm region where the ruthenium

to ligand MLCT transitions are observed. Each Figure represents a significant change

in isosbestic points as protonation proceeds. In Figure 4(a) (3.5 to 42.5% sulfuric acid),

a slight red-shift of the band at 441 nm is followed by a decrease in intensity and

the growth of a low energy shoulder at 475 nm. Isosbestic pointa appear at 397 and 461
nm. In Figure 4(b), (42.5 to 48.5% sulfuric acid), a significant shift in isosbestic
points occurs to 389 and 459 nm. The low energy shoulder at 475 nm has increased its
intensity to become a distinguishable band. In Figure S5(a), (49.8 to 54.5% sulfuric
acid), a new set of isosbestic points appear at 382 and 440 nm. The MLCT band maximum
is located at 475 nm with a high energy shoulder at 426 nm. Interestingly, the MLCT
band resembles the MLCT band of Ru(B?Z)§+ in neutral solution except for a considerable
broadening suggesting a lifting of degeneracy of w* energy levels. In addition, 53.2%
sulfuric acid not only corresponds to the maximum concentration of acid in Figure 5(a)
just before a change in isosbestic points, but also the 7 -+ w* band minimum at 310 am

in Figure 3. In Pigure 5(b), (55.0 to 62,52 eulfuric acid), a slight blue-shift,

-no/‘
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narrowing and increasing in intensity are observed for the MLCT band. New isosbestic

points appear at 417 and 379 nm with band maximum at 470 nm. In Figure 6(a), (64.2

to 74.2% sulfuric acid), the blue-shift, narrowing and increasing intensity are

continued to be observed for the MLCT band. Isosbestic points appear at 482 and 415

nm vith a new band maximum at 465 nm. Between 380 and 410 nm the absorbance changes

are not consistent suggesting a number of subtle changes in the chemistry of the

protonated species in solution. In Figure 6(b), (71.5 to 96X sulfuric acid), a

further blue-shift, narrowing and increasing intensity is observed for the MLCT band.

New isosbestic points appear at 475 and 413 with a new band maximum at 458 nm in 962

sulfuric acid. A 2 nm blue-shift in the position of the MLCT band continues going ‘
from 96X sulfuric acid to 15% fuming sulfuric acid with no increase in intensity. The |
data are summarized in Table 2. l

111) Emission Spectra '

In a previous studyz, we observed that the characteristic emission of
species (II) near 595 nm (uncorrected) is quenched as the acidity is increased. Figure 7
shows the sigmoidal curve obtained as the emission intensity is followed with decreasing ! i

pH. However, 1if the acidity is increased further, emission is recovered, presumably

from another species and a new sigmoidal curve maximises at 100% sulfuric acid (Figure 8). | ’
A careful study of the emission spectra followed over the same acid region makes it ) V’
evident that several emitting species are involved. Thus, as shown in Figures 9(a) ‘o

and (b), the initial emission peak at 595 nm weakens, but as it is quenched, new weak

luminescence 1is observed at 717 nm. Subsequent Figures 10 and 11 show that this band

red shifts and decreases in intensity and then as acidity increases further, blue shifts ' ‘.’
and increases markedly in intensity; that several different species are involved is
evident from the fact that the peak maxima of thase various spectra at different acid-
N
»

!
|
ities also have different lifetimes as shown in Table 4. We show below that these :
various species correlate with changes in absorption spectra. ;

1




Discussion:
Before discussing these data in detail, the remarkable stability of both
BPZ and its ruthenium complex (II) in concentrated sulfuric acid should be noted. The
ability to recover these species unchanged enables us to exclude any irreversible
chemical changes from having taken place. 1In pcrticulnr, we exclude sulfonation as
an explanation for the spectroscopic observations. While, under some circumstances,
sulfonation is reversible, it is unlikely to occur at these highly positively charged
species and the quantitative reproducibility and reversibility of these data render it
improbable. We continue the discussion on the assumption that the chemical species in
\ solution are unchanged during these experiments, save for varying degrees of protonation
i ' ion pairing and possible solvation.
E i) Bipyraszine (BPZ)
' The spectral changes observed between O and 96% sulfuric acid are entirely
! consistent with the effects of protonation on BPZ, The observed red-shift of the n-1r*
| bands can be interpreted simply by the stgbiliszation of w* orbitals through protonation
as observed with bipyridineg. The large separation between second and third protonation
steps for BPZ is paralleled by pyrazine whose acidity constants are pKnl = 0,65 and
phz - -6.2510. Obviously, protonation of an already proton deactivated pyrazine ring
s is difficult.

A graphical analysis can be used to determine the number of species in
solution from spsctrophotometric dlul'. 1f the absorbance value of a particular
solution, 3, at a specific wavelength, i, is denoted by Aij, a plot of Aij - Alj' at

! vavelength i vs the corresponding difference A1'j - Ai'j' at another wavelength 1' will
i give a straight lins passing through the origin for each 1' if only two species exist
| in solution. When the two sets of absorbance data associated with Figure 1(a) and (b)
K : are treatsd with the sbove snalysis, two straight lines passing through the origin can
be obtained. Therefore, we conclude that absorbances changes associated with the first
two sets of 1s0s’ astic poin s ropresent two separate protonation steps.  Because the

protonation steps -~ .ur =2 close togethar, it was not possible to draw good sigmoidal
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curves to determine pKa and so the acidity at which the rate of change in absorbance

is greatest was chosen to calculate the pKa for the respective protonation step. In

9
= 4.45 ° and pKa,

0.52 1 for bipyridine. Note that pKnl refers to the monoprotonated species (see Table

this way, we find pKll = 0,45 and pxaz =-1.35 compared with pKsa

3). The large separation between pKa1 and pan for bipyridine is thought to be caused

by electrostat’c repulaian}l The absorbance changes associated with the third set of

isosbestic points, (80 to 96% sulfuric acid), also give a straight line paﬁeing through
the origin for the graphical test for two species in solution. Therefore, we are
observing the third protonation involving triply protonated BPZ with an estimated pKa

3
of approximately -10. From O to 96% sulfuric acid, protonation is consistent with

Scheme I:

(2 &£ (335 Q—O ()4')

Based on the UV-spectrophotometric study of acidic bipyridine solutiona , the con-
figurations chosen in Scheme I reflect the need to stabilize a positive charge and
reduce the repulsion of like charges. As seen in Figure 1 and 2, BPZ exhibits at least
two bands in the ultraviolet region. This is an indication that the twist along the

central bond is small, since it is shown both empiricallyll and theoretically12

that
for a large twist only one band is usually observed in this region.
11) The Rn(BPz)§+ Cation. a) Absorption Spectra

The Ru(BPZ)§+ cation has six aromatic uncoordinated nitrogen atoms pot-
entially available for protonation. Having excluded any net chemical change, the
observed spectroscopic behaviour with changing acidity must arise from protonation
possibly modified by solvatochromic sffects. Furthermore, although at intermsdiate
acidity values, the absorption emission spectra markedly diffar from that of species (II)
in neutral aqueous medium, in concentrated sulfuric acid, the supposed hexaprotonated

species has absorption (especially the MLCT absorption band) and smission characteristics

quite similar to those in neutral medium. This suggests that the excited states in

ll’/?

——————— e e ———— - - - -

e e I S . — — et ——

-



concentrated sulfuric acid and at pH=7 do not differ so much. These similarities are
unlikely to occur 1f coordinated BPZ is grossly altered by some chemical reaction or
there 1s loss of coordinated ligand.

Solvatochromic effects have been observed to shift MLCT bands of

H(CO)‘Bipy, (MaMo and W), as much as 47 nmt 3,

On the other hand, the visible MLCT band
of Fo(Bipy)§+ shifts negligibly in solutions with considerable variation in polarityla.
Similarly, the position of the visible MLCT band of Ru(Bipy)§+ remains unchanged in

solutions of 0 to 96X sulfuric acid. When this is considered together with the UV

spectra of BPZ in 0 to 96X sulfuric acid which demonstrates no unusual spectral changé2’16

that cannot be ascribed to protonation, it seems unlikely the spectra of Ru(BPZ)§+

over the same acid range will be much influenced by solvatochromic effects.

Instead of invoking unusual and unsupported chemical reactions, protona-
tion provides the most simple and most believable explanation of the spectrophotometric
changes observed in Figures 3 to 6. Consider first how protonation may be expected to
influence the visible absorption spectrum of Species (II).

i Although there 18 some controversy concerning the detailed nature of the
absorption features in the visible spectrum of the Rn(Bipy)§+ cationl, it is clear that
they arise from metal to ligand electron transfer (MLCT) from ruthenium d6 to ligand
ﬂ* orbitals. The same assuredly holds true for the BPZ analog (II).

In the discussion which follows, we develop a protonation model for BPZ
using prior studies with Bipyridines as a guide. In one mode117, three BPZ w* levels
(one from each BPZ 1ligand in (II)) couple in D, symmetry, to yield A, +E molecular

orbitals, the latter lying to lower energy. Transitions from the filled (t23)6 level

1

of Ru(II) to these two orbitals, namely lE - 1A1 and Az « 1A1 are then responsible for

the characteristic visible absorption. These transitions may both be represented by
® *
ru(1n)e® (¢")0 + pucrinya® (1,
When the system {s monoprotonated, the BPZ ligand carrying the proton

becomes different from those which do not, and the D The

3 symmetry is reduced to Cl.

*
degeneracy of the E 7 level is 1ifted. Grossly we expect broadening of the spectrum.

.../8
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The positive charge on coordinated HBPZ+ increases the 7 acceptor character of the
1igand by lowering the n* energy level and facilitating overlap with ruthenium. The
MLCT transition to this specific ligand will then be red shifted relative to the MLCT
transition to unprotonated BPZ. Previous work with the bipyridine cation (I) has

8 that the excited electron is probably localised on the bipyridine ligand in

ruvnnledl
the MLCT excited state, for a period of time exceeding several vibrations. Assuming
this to be the case here, ghen we would expect to see a low energy band corresponding
to the transition to the protonated BPZ and higher energy bands corresponding to trans-
itions to the unprotonated BPZ. Thus the absorption band should red shift and broaden.
As the second and third protons are added, to each remaining BPZ ligand, no
further red shifting will occur if each ligand is behaving fairly independently of the
othera; however, the intensity distribution will shift to the red such that in the

triprotonated species, the peak maximum in the broadened absorption will be red shifted

relative to the monoprotonated case. Note that the addition of the second, third,

fourth or fifth proton will not give rise to higher symmetry speciés since, uﬁder the
Frank-Condon conditions of the excitation, at least one of the protonated BPZ ligands
is asymmetric. Moreover, there will be several different isomeric forms of the poly-
protonated species, depending upon the relative positions of the protons, contributing to
the broadness of the transition.

The postulate of a localised protonated BPZ ligand in the excited state
also allows one to predict that the monoprotonated excited state is a weaker acid than
the ground state in that, in this excited state, the EPZ ligand is carrying an extra
negative charge. This 1s also consistent with the lowering in energy of the n*
orbital and the red shift in the excitation maximum according to the Forster treatmant19.
By similar argumsnts the second and third protonated species are also likely to be
weaker acids then the ground state analogs.

The fourth proton must be added to a bipyratine ligand which already

carries one proton. It 4is more difficult to predict unequivocally the effect of such

double protonation. However, the presence of the first proton on the ligand will

"
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certainly inhibit binding the second because of their mutual repulsion., Moreover, a

ZBPZZ+ should be a very poor sigma donor ligand; indeed, it 1is a

doubly protonated H
weak l_:l.g-n donor in its unprotonated formz. The high stability of the Ru(BPZ)§+ cation
in strong acid must then arise through significant m back donation, facilitated by

the double protonation. While such double protonation should stabilize even further,
the ligand 11* orbitals, the coupling between the ruthenium d orbitals and ligand n*
orbitals, i.e. the magnitude of the off-diagonal matrix element <Ru dG:H:BPZ 1r*> may

now be so large that the mixed Ru/BPZ w* MLCT excited state energy is blue shifted
relative to the monoprotonated species (e.g. see argumsnts in 20).

Using the Forster argumentlg, such a blue shift will ensure that the second
protonated BPZ is a stronger acid in the MLCT excited state than in the ground state.
This fact may also be rationalised by the view that, in the monoprotonated excited
state fragment Ru(III)-HBPZ, extra electron density on the ligand is probably associated
with the protonated ring, leaving the unprotonated ring being formally bound to Ru(III)

and hence the nitrogen therein is a weaker base than in the gfomd state bound to Ru(II).

These arguments are supported by Resonance Raman data for Ru(bipy)§+

whichl®

" lhéw tl;ltmt-t.:e. fﬁ.CT sfate 1; '.iggaiiied on one ring for a lifetime (max. al;out
ins) certainly long enough to reach protonation equilibrium, if a similar effect is
observed here. Wrighton and co-worker521 have used similar arguments to explain the
enhanced acidity of ruthenium(Il) complexes of 4,7-dihydroxy-1,10-phenanthroline in the
excited stats.

As ve develop below, these predictions are seen to be accurate, and provide
additional evidence for our belief that, indeed, six protonation steps can be observed
as the acidity of a solution of species (II) is increased.

Thus Figures 4(a), 4(b) and 5(a) show a series of isosbestic points which
grow and then shift as the acidity is increased. Graphical analysis using the two
species plot gives a straight line passing through the origin for each set of absorbance

data asrociated with Figures 4(a), 4(b) end 5(a). We, therefore, associate these

Pigures with the first thrse protonation steps. As predicted above, there is broadening
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and an initial red shift (Figure 4(a)) followed by a redistribution of the absorption
intensity towards the red, but with no further red shift. pKa values were calculated
from the acidity at which the greatest change in absorbance occurred, and are reported
in Table 3. Note that plal for the complex (II) is more negative than the value for the
free ligand indicating that the coordinated BPZ is a weaker base than the free ligand.
This is contrary to early work by Taubezz on pyrazine coordinated to Ru(II), but probably
arises because there are six nitrogen atoms to share back donation from the Ru(II) atom.
Figures 5(b), 6(a) and 6(b) aloo-ghow the appearance and disappeuranéevof
isosbestic points as the acidity continues to increase, but the changes are smaller.

! Nevertheless, when the variation in emission spectra is considered, it seems clear that

f a further three protonation steps are, indeed, involved. As protons are added (Figures
5(b), 6(a) and 6(b)), the spectrum shifts back to the blue and becomes more narrow.
| Indeed, the half-band width varies from 3575 cm-l in neutral medium, through 6025 cm-l_
in the tri-protonated form (Figure 5(a)) back to 3350 cn.l in the supposedly hexaprot- ;
orated form in concentrated sulfuric acid (Figure 6(b)). Graphical analysis, as above, ;
for Figure 5(b) fails to give a straight line for the two-species plot. However, the !
test for three species in solution is positive since plots of (A2] - A23')/(Alj - Al3')
ve (A33 - A33')/(Al] - Alj') give a straight line for each j' where 1,2, and 3 are i
o different wavelengths and j' is a specific solution. Unfortunately, the small absorbance 4
changes in Figure 5(b) and the large associated error suggest the limits of this analysis ‘
have been reached. The three species which exist in equilibrium are presumably the tri, o
tetra and pentaprotonated Ru(BPz)§+. The absorbance data associated with Figure 6(a)
also fits the three species graphical test, suggesting tetra, penta and hexaprotonated

+
§+) exist in solution. However, it should be noted, the absorbance changes bet- :

R e
-

' H Ru(BPZ

veen 380 and 410 nm in Pigure 6(a) are not consistent. The spectrum of nu(BPZ)§+ in o

74.2% sulfuric acid corresponds to the changeover from Figure 6(a) to the new set of

ap Mo

isosbestic points shown in Figure 6(b). At 74.2% sulfuric acid, all the tetraprotonated

epecies has been converted to pentaprotonated Ru(le)§+. This is confirmed by the

graphical test for two species under conditions of constant stoichiometry for the

absorbance changes associated with Figure 6(b). Again, the points lie in a straight
' 11 )
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1ine through the origin, proving only penta and hexaprotonated Ru(BPZ) §+ exist in

solution. .

Since the fourth and fifth protonations overlap to a great extent, a
computer analysis is necessary to calculate with any accuracy pKaa and pl(a5 . However,
the sixth protonation is separate enough to calculate pKn6. Based on the acid strength
at wvhich the greatest change in absorbance occurs, qu6 = -6.7,

The six protonation steps of Ru(BPZ)§+ in 0 to 96% sulfuric acid are

illustrated in Scheme II:
24+ S 3+ 5 i+ s+ N 6+
Ru(BPZ), é Ru(BPZ), (HBPZ) ™" feoa Ru(BPZ) (HBPZ), _—”_-_v_-nu(nnpz)3 -&Ru(nnpuz(uznpn

K'. 4 L H' K‘(
Ru (H,BPZ) g+‘_'—’£ Ru(HBPZ) (H,BP2) .Z,"'

Each of the first three protonation steps occur at a separate ligand so that at the
completion of the third protonation, each ligand is monoprotonated. Further protonation
proceeds on the unprotonated pyrazine moiety of each BPZ ligand. There are, possibly,
a number of isomers in equilibrium with each other during the protonation steps. The
isomers which are expected to be the moat stable are those with the greatest separation
of chQ:ge.
b) Emission Spectra

In a previous atudyz, we found Rn(B?Z)§+* emission intensity to decrease
at lower acid concentrations than required to monoprotonate Ru(BPZ)§+ in the ground
state. The suggested quenching mechanism, protonation of one of the six available
aromatic nitrogens as a consequence of the enhanced basicity of MLCT excited state, has
been used to explain the pH dependent emission of some ruthenium bipyridine23 and
bipyrinidinnza complexes. Figure 9 to 11 show the uncorrected emission spectra of
ln(l?2)§+ and its protonated derivatives in aqueous acid solutions from pH = 5 to Ho =
«11.9. The changes observed in the emission spectra suggest a number of emitting species
exist in solution depending on the acid concentration. Since there exist in the ground
state a number of protonation equilibria, so the excited state must also be involved in
protonation equilidbria. In Figure 9(a), the emission intensity decreases consistently

as acidity increases, suggesting a simple Stem-Volmer quenching mechanism. However, in
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still greater acidity, Figure 9(b) shows that while the emission band centered at
595 nn decreases to zerc intensity, a new emission band centered at 717 nm persists.
Thie is strong evidence of an excited state equilibrium between Ru(BPz)?* and
nu(nrz)z(nnrz)3+*. The emission at 717 nm in aqueous acidic solution (pH = 0.5) is
spproximately 260 times less intense than the emission at 595 nm in aqueous solution
st pH = 5, neglecting correction for phototube sensitivity (red sensitive phototube

used). The excitation spectra of the 717 nm species, and, indeed, of all the emission

species reported hexe (Table 4) are centered around the MLCT band near 450 nm essentially

eliminating the possibility that some of the emission may arise from impurities. It

*
should, therefore, be possible to calculate the excited state pKa , using equation
oY) 19,25

*
pKa = pH(or Ho) + log -:—; (1)

vwhere pH 1is taken at the inflection point in the luminescence titration curve, (see
Figure 7), and 7a and b are the excited state lifetimes of protonated and unprotonated
forms respectively, (see Table 4). Substituting these values into equation (1) gives

]

p!nl = 2,0, Since pK.l = -2.2, the basicity of the excited state has been enhanced
by 4.2 pH units relative to the ground state. Forster

26 and later Weller27 sugges ted
the molar enthalphy, AH*, of the reaction in the excited state, differs from the anal-
ogous molar enthalpy, AH, in the ground state, by an smount which is given by the frequ-
ency interval, Av, between the long wavelength absorption bands of base and acid forms.

With the assumption that changes in entropy are minimal, one can derive equation (2)27

pka’ = pKa + (0.625/T) (v, = v,) (2)

vhere T is the absolute temperature and b and v, Fepresent the (0-0) transition energy
from .rouﬁd to the relevant excited state (in c-l) for the base and acid“for-
respectively. TFrom Bqn. (2), if Y is greater than V! the base form will becoms a
stronger base upon excitation. Conversely, 1if Va is greater than Vp ! the acid form will

becoms strongsr acid upon excitation. Since the (0-0) transition is not well defined
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in this case, an upproximltionlg is nacessary. One such approximation, taking the

*
mean of the spectra shifts in emission, results in the calculated pKa values shown in
Table 3. There is generally poor agreement with experimentally determined values. Other

19,21,23 have found similar results when comparing calculated to experimental

authors
*
pKa and have ascribed the errors to their inability to obtain a reasonable approximat-

ion for the relative difference in (0-0) transition energies between acid and base forms.

Figure 10(a) shows the effect of the excited state protonation equili-
brium 1n 16.9 to 48.9% sulfuric acid between Ru(BPZ),(HBPZ)”* and Ru(BPZ) (HBPZ).'
on their emission spectra. The corresponding luminescence titration curve is shown in
Figure 12. Taking the inflection point of the curve in Figure 12, together with the
lifetimes of Ru(BPZ) Z(HBPZ)3+* and Ru(BPZ) (HBPZ);’**, (see Table 4), and substituting

*
them into equation (1) gives pKa = -2.4. Since pKa2 = -3.0, this represents an

2
increase in the basicity of the excited state by 0.6 Ho units. In 48.9 to 55% sulfuric
acid, the emission band position and intensity do not change significantly even though
in the ground state Rn(BPZ)(HBPZ)2+ ia being protonated to form_Ru(HBPZ)g+, This
suggests that there is little difference between Ru(BPz)(HBPz)g+* and Ru(HBPz);+*
emissions, making it extremely difficult to calculate pKa3* with confidence2§ Not
surprisingly, and in line with our model, the enhancement of basicity in the excited
state is less in the second than in the first protonation step and not even observable
in the third protonation step. Figures 10(b),11(a), and 11(b) show the emission spectra
as & function of acidity in the 4-6 protonation step region. Although the absorption ‘
spectra in this region (Figures 5(b),6) are not compellingly indicative of three species,
combined with the emission data which clearly show 3 regions of emission with different
lifetimes (Table 4), the data do seem most readily intecpreted in terms of the 4th, Sth
and 6th protonation equilibria.
We know from Figures 5(b), 6(a) and 6(b):-£he visible MLCT band

blue shifts. Therefors, we expect, using equation (2), the excited states of

nu(nnrz)z(nznrz)°*. nu(anrz)(nznpz>;*-.nd nu(nznrz)§+ to have enhanced acidity. The
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graphicsl analysis of the MLCT sbsorption data in Figure 5(b) and 6(a), show the fourth
and fifth protonation steps to overlap. The emission spectra of Ru(HBPZ)z(HZBPZ)6+ and
Ru(ﬂle)(HznPZ)Z+ also overlsp as shown in Figures 10(b) and 11(a). Because of this,
it is not possible to calculate pKla* and pKls* without a more detailed analysis of
both the ground and excited state protonation data. Nevertheless, the emission maxima
and excited state lifetimes are reported in Table 4.

Figure 11(b) shows the growth of Ru(HZBPZ)§+ emission from 76.3 to 100%
sulfuric acid. The background emission intensity particularly in 1007% stoa, between
550 nm and 500 nm, is the tailend of solvent emission which decreases to negligible
intensity at 620 nm. If we assume an excited state equilibrium exists between
Ru(ﬂBPZ)(HZBPZ);+ and Ru(HZBPZ)§+, with very little contribution from Ru(HBPZ)z(HZBPZ)6+.
it 1is possible to calculate pl(a6*. This assumption is reasonable since the final
ground state protonation step has been shown by graphical analysis to involve only two
species, presumably Ru(HBPZ)(HZBPZ);+ and Ru(HZB?Z):+. The luminescence titration curve
from the data associated with Figure 11(b) is shown in Figure 8. When the inflection
point of the curve in Figure 8, together with the lifetimes of the species in excited
state equilibrium are substituted into equation (1), this gives pKa6* = -7,9. Since

the ground state pKA6 = -6.7, this represents an increase in the acidity of the excited

state by -1.2 Ho units. Note that this result, obtained from lifetime analysis, is

experimentally independent of the observation of an exciteé state tr;nﬁitiéﬁ energy
blue shift in the formation of this species.

The result is also consistent with the prediction that the excited states
involving two protons per ligend would be more acidic than the ground state.
Summary and Conclusions

The combined weight of the absorption and emission data provide compelling
avidence for the sequential hexaprotonation of the Ru(BPZ)? cation. This species would
have a formal octapositive charge, which is exceptionally high outside the protein
regims. Ion pairing in solution will undoubtedly minimise the effects of this high
chazge.
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Al though solvatochromism can lead to marked changes in spectra as the
medium or pH is altered, the well defined and predictable behaviour of species (II) in
acid medium suggests that solvatochromism does not make a significant contribution to
our data. The identification of six processes occurring as the acidity is increased
is most reasonably associated with the gix available nitrogen atoms without complicating
the situation further.

The simplicity of the spectrum in concentrated sulfuric acid should not be
underemphasized since only when six protons have been added, can the initial D3 symmetry
of the unprotonated species be recovered.

The pKa and pKa* values derived from the data and shown in Table 3 are
totally consistent with the model initially envisaged and further support our sequential
protonation premise. We feel bound to express this point most positively in view of the
skepticism with which the i1dea of an octapositive cation has been met, in our discussions
of this system. It should be pointed out that such high formal charges are also found
in well known systems such as the protonated polyamines (polyamine hydrochlorides etc)
or aggregated polysulfonated phthalocyanines, and that ocur system only exists in the
extrems environment of concentrated sulfuric acid. Since the data show that the free
ligand BPZ also readily picks up 2 protons, we should not be surprised when cation (II)
picks up six.

The first three protonation steps involve nitrogen atoms, one on each
coordinated ligand, which in the excited state are more basic than the ground state,
the difference decreasing with each protonated step. Thus, in general, excitation
results in an excited state which is quenched by reaction with a proton during its
11fetims, 1.e. the excited state, under the given acid conditions, contains, at
squilibrium, one more proton than the ground state. The subsequent three protonation
steps (4,5, and 6) take place at a ligand which already possesses a proton and at a
nitrogen atom which is leas basic than the ground state. In general, excitation results

in an excited state which tends to releass a proton during its lifetime. A detailed

study of the rates of thess various processes is underway using laser pulse msthod|29.
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Note that in the Demas Ru(bipy)z(CN)2 system protonation occurs at the cyanide groups.
When the complex 1s excited, charge is transferred to the bipy group formally leaving
& Ru(III) bound to cyanide. Thus the excited state is a much stronger acid than the
ground state; the protonated species lose their protons in the excited state and emission
occurs from the excited unprotonated lplci.l.3

The excitation spectra for the variously protor..ed emitting states
are similar to their absorption spectra but show pronounced structure and tend
to be slightly red shifted of absorption. A referee has pointed out that we cannot
be sure that the emitting states are MLCT for all the protonni:ed species and that,
because of their short lifetimes, some might be dd* in origin. Preliminary low
temperature studies to attempt to distinguish MLCT from dd emitting states led to

the observation that for a given acid solution, the degree of protonation apparently

increases with decreasing temperature. The question of the significance of the excit-

30

ation spectra and the temperature phenomena will be the subject of a future publication.
We have also undertaken protonation experiments with the complexes M(CO)ABPZ

(M = Mo, W) where the presence of only one BPZ ligand provides for an easier analyais.31

Our interest in the bipyrazine species (II) is in the design of highly
photo-oxidising photocatalysts, and it is partinent that the redox couples associated
with Ru(lPZT§+ do shift positively in sulfuric acid by a significant amount as anticip-

32

ated Resonance Raman work33 is in handBA to provide further evidence for the

structures of these species.
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Table 1 PROTONATION OF BIPYRAZINE

Sulfuric Acid Protonation Isosbestic Number Wavelength

Concentration Step Points nm Species Maxima nm

0 0 1 288, 228
1-7% 1 297,256,217 2 310s8h,289,230

7 - 38.5% 2 313,275,222, 2 294,230,214
202

39 - 80% 2 No significant 2 294,230,214
changes

80 - 962 3 315,274,240 2 324,294,230,

214

*




’ Table 2

PROTONATION of Ru(BPZ) §+

Sulfuric Acid Protonation Isosbestic Number Wavelength
Concentration Step Points nm Species Maxima nm
| 0 0 1 4158h 441
|
P 3.5 - 42.5% 1 397, 461 2 4158h,445
; 475sh
‘ 42.5 - 48.5% 2 389, 459 2 415,475
) !
49.8 - 54,5% 3 382, 440 2 426,475
’ 55.0 - 62.5% 4 379, 417 3 4308h,470 '
!s 64.2 ~ 74.2% 5 415, 482 3 4208h, 465 ! !
| b
! :
- 71.5 ~ 96% 6 413, 475 2 430sh,458 i
L S
i
"
} -
4.
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|
: ;
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K
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Table 3 ACID DISSOCIATION CONSTANTS pKa and pKa

1 2 3 4 5 6
BP2Z 0.45 ~1.35 ? ? - -
Ru(BPZ)§+ -2.2 3.0 -3.5 ? ? -6.7
Ground State
Excited Stute(') 2.0 2.4 ? ? ? ~7.9 (
|
Calculated Excited !
, state®) 3.8 -2.2 ? ? ? -8.6 3
| !
) Il
|
i
1
|
* |
(a) pKa from lifetime of equilibrated species in Table 4 and Equation (1). |
]
& o
(b) Calculated pKa from emission maximum in Table 4 and Equation (2), with T = 298 . '
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Table 4 The Ru(BPZ)§+ Cation: Excited State Emission

Wavelength and Lifetimes in Acidic Media

Protonation Steps

0 1 2 3 4 5 6
Emission 595 717 738 738 720 656 620nm
Wavelength
Lifetime 900 50 27 43 35 130 520ns
Excitation 423 423 - 484 484 480 470 467nm
Maximum
XHZSO“ 0 18.9 49,8 57.5 68.5 ] 100%
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FIGURE LEGEND:-

Figure 1

Figure 2

Figure 3

Figure -4

Figure 5

Figure 6

Absorption spectrum of 5.0 x 10-5 M BPZ in aqueous sulfuric scid

solution at ambient temperature as a function of % HZSOA; (A) curves
1, 2, 3 and 4 correspond to % HZSO4 of 0, 1.4, 3.5, and 7.0 respectively.
(B) Curves 5, 6, 7, 8, 9 and 10 correspond to % stoa of 13,0, 18.7,

24.1, 29.1, 33.8 and 38.5 respectively.

Absorption spectrum of 5.1 x 10—5 M BPZ in aqueous sulfuric acid solution
at ambient temperature as a function of % stoa. Curves 1, 2, 3, 4 and 5
correspond to % 32804 of 80, 89.5, 92.5, 94.2 and 96 respectively.

Absorption spectrum of 1.5 x 107>

M nu(npz)§+ in aqueous sulfuric acid
solution at ambient temperature as a function of % stoa. Curves 1, 2,

S0, of 5, 24.1, 42.5, 53.2, 66.3,

3, 4, 5, 6 and 7 correspond to % H2 4

80.5 and 96 respectively.

5

Visible absorption spectrum of 6.5 x 10 ~ M Ru(BPZ)§+ in aqueous sulfuric

acid solution at ambient temperature as a function of % HZSO 4 (a)
Curves 1,2, 3, 4, 5, 6, 7 and 8 correspond to % stoa of 3.5, 13.0,
18.9, 24.1, 29.1, 33.8, 38.3 and 42.5 respectively. (B) Curves 1, 2,
3, 4, 5, 6 and 7 corresponds to % H2804 of 42.5, 43.6, 44.6, 45.6, 46.6,
47.5 snd 48.5 respectively.

Visible absorption spectrum of 6.5 x 10>

M Ru(BPz)g+ in aqueous sulfuric
acid solution at ambient temperature as a function of % stoa. (A)
Curves 1, 2, 3, 4, 5 and 6 correspond to % H2804
53.2 and 54,5 respectively., (B) Curves 1, 2, 3, 4, 5, 6, 7, 8 and 9
correspond to % H2804 of 55.0, 55.8, 56.9, 57.5, 58.3, 59.2, 60, 60.8,
61.6 and 62.5 respectively.

Visible absorption spectrum of 6.5 x 1070

M nu(nrz)§+ in aqueous sulfuric
acid solution at ambient temperature as a function of % stoa. (A) Curves
1, 2,3, 4, 5, 6, 7 and 8 correspond to % 32804 of 64, 65.5, 67, 68.5, 70,
71.5, 73 and 74.3 respectively. (B) Curves 1, 2, 3, 4, 5, 6, 7 and 8
correspond to X nzsoa of 71.5, 74.3, 77, 719.5, 82.5, 85, 88 and 96

respectively.

s+ /continued

of 49.8, 50.4, 51.3, 52.2,
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FIGURE LEGEND CONTINUED:- |

’ 6

! Figure 7 Luminescence titration curve of 1.8 x 10 M Ru(BPZ)§+ at ambient

temperature in argon gassed solutions made acidic (pH 6 to 1) with HCl.

Excitation and emission wavelengths set at 429 and 595 nm, respectively.

Figure 8 Luminescence titration curve of 1.7 x 10_6

M Ru(BPZ)§+ at ambient
temperature in aqueous sulfuric acid solutions (68.5 to 100% stoa),
with excitation wavelengths at 475 nm (0) or 413 nm (4), and emission

wavelength set at 620 nm.

Figure 9 Uncorrected emission spectra of Rn(BPZ)§+ at ambient temperature in

! argon gassed aqueous solutions made acidic with HCl. (A) 1.8 x 10-'6 M
! Ru(BPZ)§+. Curves 1, 2, 3, 4, 5 and 6 correspond to pH's of 5, 3.7,

l 3.4, 3.1, 2.9 and 2.4 respectively. (B) 2.6 x 106 Ru(BPZ)§+.

i Curves 1, 2, 3, and 4 correspond to pH's 1.7, 1.4, 1.1 and 0.5

i " respectively. Excitation wavelength set at 429 nm.

L Figure 10 Uncorrected emission spectra of 1.4 x 10-5 M Ru(BPZ)§+ at ambient

temperature in aqueous sulfuric acid solutions as a function of % '
HZSO . (A) Curves 1, 2, 3, 4, 5, 6 and 7 correspond to 2 stoa

of 18.9, 29.1, 33.8, 36.1 40.4, 42.5 and 49.8 respectively. Excitation
wavelength set at 461 nm. (B) Curves 1, 2, 3, 4, 5, 6 and 7 correspond
to % 32804 of 57.5, 59.2, 60.8, 62.5, 64, 65.5 and 67 respectively.

Excitation wavelength set at 413 nm.

Figure 11 Uncorrected emission spectrum of 1.7 x 10-6 M Ru(BPZ)§+ at ambient
temperatures in squeous sulfuric acid solutions as a function of %
HZSOA. (A) Curves 1, 2, 3, 4, 5, and 6 correspond to % stoa of 68.5, 4
73, 75.6, 77, 78.4 and 79.1 respectively. Excitation wavelength set at .
413 nm. (B) Curves 1, 2, 3, 4, 5, 6 and 7 correspond to % HZSOA of
76.3, 79.1, 82.5, 86.5, 91, 96 and 100 respectively. Excitation wave-
length set at 475 nm.

I

Figure 12 Luminescence titration cuzve of 1.4 x 107>

| M Ru(BP2)3° at ambient
. temperature in aqueous sulfuric acid solutions (18.9 to 49.8 X stoé)
with excitation and emission wavelengths set at 461 and 717 nm

respectively.
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